Two types of nitrogen plasma sources, an electron cyclotron resonance ͑ECR͒ plasma source and a radio frequency ͑rf͒ plasma source, were used for the growth of GaN by molecular beam epitaxy ͑MBE͒. GaN film quality was correlated with the optical emission characteristics of each type of nitrogen plasma source employed. The best quality GaN films were those grown using the rf nitrogen plasma source. This source was found to emit a much larger fraction of atomic nitrogen and 1st-positive series excited molecular nitrogen in contrast to the ECR plasma source which mainly produced 2nd-positive series excited molecular nitrogen and nitrogen molecular ions when operated under the same conditions. The benefit of homoepitaxial growth of GaN, using metalorganic vapor phase epitaxy grown GaN layers on basal plane 6H-SiC, was seen by the observation of surface reconstructions before, during, and after GaN film growth by MBE. In addition, the MBE-grown GaN films exhibited remarkably intense photoluminescence dominated by a sharp band-edge peak at 3.409 eV having a full-width at half-maximum ͑FWHM͒ of 29.7 meV at room temperature. At lower temperatures, splitting of the near-edge excition peaks was observed. Double-crystal x-ray rocking curve measurements of selected MBE-grown GaN films yielded ͑0002͒ diffraction peaks having FWHMs as narrow as 156 arcsec.
I. INTRODUCTION
The III-V nitrides are promising materials for high temperature electronics and UV/blue/green optoelectronics applications. Although both metalorganic vapor phase epitaxy ͑MOVPE͒ and molecular beam epitaxy ͑MBE͒ have played important roles in the development of GaAs-based electronic and optoelectronic devices, so far this has not been the case with respect to the III-V nitrides: MOVPE has successfully been employed to demonstrate GaN metal-semiconductor field-effect transistors ͑MESFETs͒, 1 modulation-doped fieldeffect transistors ͑MODFETs͒, 2 UV detectors based on AlGaN/GaN multilayers, 3 and high-brightness GaN/InGaN blue light-emitting diodes ͑LEDs͒. 4 However, with the exception of the recent demonstration of a blue-violet emitting GaN homojunction, 5 there have not yet been comparable devices reported for MBE-grown nitrides. Nitrogen electron cyclotron resonance plasma-assisted MBE has demonstrated, however, the capability for in situ doping of GaN using Si or Ge ͑n-type͒ and Mg ͑p-type͒, [6] [7] [8] respectively. In contrast, MOVPE-grown nitrides must be electron-beam or thermally annealed 4 after deposition to activate the Mg p-type dopant, presumably because of hydrogen incorporation during the MOVPE film growth. 9 Key issues plaguing present III-V nitride growth by MBE include a͒ typically low film growth rates ͑0.04 -0.15 m/hr͒ ͑Refs. 6 -8, 10, and 11͒ ͑although Moustakas and Molnar report growth rates as large as 0.65 m/hr for semiinsulating GaN grown by ECR MBE 6 ͒, b͒ ion damage from nitrogen-plasma ECR sources, 12 and c͒ inadequate diagnostics in typical commercial MBE systems to monitor and control nitrogen plasma species ͑molecules, ions, atoms͒ during film growth. 13 In order to address the above issues and to determine if high-quality III-V nitrides can be grown by MBE, we have completed a systematic study of the MBE growth of GaN films at North Carolina State University ͑NCSU͒. The GaN films were grown on ϳ3 m thick high-quality GaN buffer layers prepared by MOVPE on 6H-SiC substrates at Cree Research, Inc. By using a homoepitaxial growth approach, it was our intention to circumvent the problems associated with GaN film nucleation on highly lattice-mismatched substrates such as sapphire or SiC and to concentrate on the issues associated with the MBE growth process itself.
Two types of nitrogen plasma sources, an ASTeX compact electron cyclotron resonance ͑ECR͒ plasma source and an Oxford Applied Research MPD21 radio frequency ͑rf͒ plasma source, were investigated for the growth of GaN by MBE. GaN film quality was correlated with nitrogen plasma optical emission spectra that were obtained for both types of nitrogen plasma sources for a range of source operating conditions. The best quality GaN films were found to be those grown using the rf nitrogen plasma source. This source was found to emit a much larger fraction of atomic nitrogen and 1st-positive series excited molecular nitrogen in contrast to the ECR plasma source which mainly produced 2nd-positive series excited molecular nitrogen and nitrogen molecular ions when operated under the same conditions. a͒ Permanent address: Department of Electrical Engineering, Kyoto University, Kyoto 606-01, Japan.
II. EXPERIMENTAL DETAILS
The GaN films were grown using a modified EPI 930 three-chamber MBE system consisting of a main MBE film growth chamber which accepts substrates up to 75 mm in diameter and which has provisions for up to ten MBE source ovens, a second chamber for plasma cleaning of substrates, and a surface analysis chamber with provisions for Auger spectroscopy studies of substrates and epilayers at temperatures up to 800°C. The three chambers are interconnected by an ultrahigh vacuum ͑UHV͒ sample transfer system.
In the present study, high purity ͑99.99999%͒ gallium metal and very large scale integrated ͑VLSI͒ grade ͑99.9995%͒ molecular nitrogen gas were used as source materials for MBE growth of GaN. The nitrogen gas was passed through a plasma source mounted onto one of the source flanges on the main MBE growth chamber to create ''active'' nitrogen for GaN film growth. The use of plasma-excited nitrogen is necessary for growth of GaN because of the very large binding energy of the N 2 molecule in its ground state ͑9.9 eV͒. As a consequence of this high binding energy, ground state N 2 molecules cannot thermally dissociate at the film growth surface at temperatures normally employed for MBE growth of GaN ͑600-800°C͒.
Two types of nitrogen plasma sources were investigated: an ASTeX compact ECR source and an Oxford MPD21 rf source. Each of these sources was equipped with a pyrolytic boron nitride ͑PBN͒ liner-within which the nitrogen plasma was generated-and an exit aperture having an area of ϳ5 mm 2 . Optical emission from these two sources was studied to determine which was more effective in providing the proper species of nitrogen needed for high-quality GaN film growth. For each of these sources, the optical emission from the nitrogen plasma generated within the PBN liner was monitored using an optical fiber. Optical emission spectra were obtained using a EG&G Princeton Applied Research model 1235 monochromator equipped with 150 g/mm and 1200 g/mm interchangeable gratings. The dispersed light from the nitrogen plasma was detected with a model 1455 intensified 700-pixel diode-array detector ͑200-900 nm͒ and recorded with the aid of a computer. The spectral response of the monochromator/detector measurement system was determined using a calibrated 1000 W tungsten-halogen lamp operated at 8.30 A. The measured spectral response curve was used to correct all of the nitrogen-plasma emission spectra that were recorded. Emission spectra were taken with both types of plasma sources operated at similar powers and pressures during MBE growth of GaN.
The GaN films in this study were grown on ϳ3-4 m thick high-quality GaN buffer layers prepared by MOVPE on basal plane 6H-SiC substrates at Cree Research, Inc. The MOVPE-grown GaN layers exhibited 295 K photoluminescence spectra dominated by near-edge emission at 3.41 eV and double-crystal x-ray rocking curves as narrow as 85 arcsec full-width at half-maximum ͑FWHM͒ ͑0002͒ denoting high crystal quality. These GaN/SiC substrates were cleaned prior to MBE film growth using standard chemical cleaning, plasma cleaning using a 1:1 mixture of H 2 :He to remove carbon, 9 and thermal annealing at temperatures up to 800°C. After cleaning, the GaN/SiC substrate surface showed little or no carbon or oxygen contamination, as is illustrated by the Auger spectrum of Fig. 1 . The GaN/SiC substrates were then mounted on a standard EPI molybdenum transfer block and inserted into the MBE system.
The MBE-grown GaN films were characterized by means of reflection high energy electron diffraction ͑RHEED͒, Nomarski interference-contrast microscopy, scanning electron microscopy ͑SEM͒, variable-temperature photoluminescence ͑PL͒, and double-crystal x-ray diffraction. The PL measurements were obtained using a HeCd laser for excitation and a SPEX double-grating monochromator equipped with a cooled GaAs photomultiplier for detection. Photoncounting instrumentation and a computer were employed to collect, store and analyze the PL data. Double-crystal x-ray rocking curves were obtained using a Blake Industries double-crystal x-ray unit and copper K␣ x-rays. The doublecrystal rocking curves were measured in a standard fashion with the detector full-open ͑no aperture͒. Figure 2 shows representative optical emission spectra obtained for both types of nitrogen plasma sources studied. The emission spectra were obtained with each of the sources operating at 100 W and with a nitrogen pressure of 2ϫ 10
III. RESULTS AND DISCUSSION

A. Optical emission from nitrogen plasma sources
Ϫ4
Torr in the MBE chamber. A number of nitrogen-plasma emission peaks associated with neutral nitrogen molecules are shown in the spectrum for each source which involve the 1st-positive and 2nd-positive series of molecular transitions.
14,15 The 1st-positive series molecular nitrogen transitions (B 3 ⌸ g →A 3 ⌺ u ϩ transitions͒ appear as five bands of regularly-spaced emission peaks in the visible and nearinfrared ͑IR͒ spectral regions. The strongest first-positive emission peak of each band occurs at emission wavelengths of 540, 590, 660, 760, and 820, respectively, as shown in Fig.  1 . The largest peaks of the 2nd-positive molecular nitrogen series (C 3 ⌸ u →B 3 ⌸ g transitions͒ occur at 316, 337, 357, 380, and 400 nm.
The spectrum for the ECR plasma source shown in Fig.  2͑a͒ is dominated by intense lines in the UV associated with 2nd-positive series molecular emissions. In addition, the ECR plasma source spectrum contains sharp peaks at 391 and 428 nm, which are the most intense lines of the 1st-negative system of N 2 ϩ molecular ion transitions (B 2 ⌺ u ϩ →X 2 ⌺ g ϩ transitions͒. 14, 15 As a result, the light emission from the ECR nitrogen plasma source appears whitishviolet to the eye. This is in contrast to the light emission from the rf nitrogen source which appears bright orange to the eye when operated under the same conditions. Consistent with this observation, the emission spectrum of Fig. 2͑b͒ for the rf nitrogen plasma source shows that this source emits light principally in the orange to near IR regions of the spectrum. These emissions are related to the 1st-positive series of transitions from molecular N 2 as described above. Also included in the near IR spectral region are intense peaks associated with atomic nitrogen at 747 nm, 822 nm, and 868 nm. This fact was unambiguously confirmed by means of highresolution spectral scans using the 1200 g/mm diffraction grating. Figure 3 shows high resolution spectra for both types of nitrogen plasma sources in the 730-770 nm region. The emission spectrum for the rf plasma source shown in Fig.  3͑a͒ contains a triplet of sharp lines at 742.3, 744.2, and 746.8 nm which are attributed to 3s 4 P -3p 4 S 0 transitions of atomic nitrogen. 16 -18 The three broad, low-intensity emission bands are due to 1st-positive transitions of molecular N 2 .
14, 15 In contrast to this, the spectrum for the ECR plasma source in this spectral region shows only very weak atomic nitrogen lines superposed on a larger background of 1st-positive molecular transitions. The change in rotational energy of the nitrogen molecule is responsible for the fine structure of these broad molecular bands. 19 Figure 4 shows high resolution spectra for both types of nitrogen plasma sources in the 810 to 840 nm region. Again, the emission spectrum for the rf plasma source shows a 7-line multiplet of sharp peaks between 818.5 and 824.2 nm, which we attribute to 3s 4 P -3p 4 P 0 transitions in atomic nitrogen, 16 -18 while the ECR plasma source exhibits little or no emission in this spectral region.
To summarize, the ECR nitrogen plasma source operating at 100 W and a pressure of 2ϫ10 Ϫ4 Torr mainly produces 2nd-positive series excited molecular nitrogen and nitrogen molecular ions. Little or no atomic nitrogen is produced. In contrast, the rf nitrogen plasma source operating under the same conditions mainly produces 1st-positive excited nitrogen molecules and nitrogen atoms. No evidence of nitrogen molecular ions is found in the spectrum for the rf plasma source.
B. Growth and properties of GaN thin films
A series of GaN films were grown with each of the nitrogen plasma sources operating under the same conditions ͑100 W; 2ϫ10 Ϫ4 Torr͒. These experiments showed that the rf plasma source generally produced better quality GaN epitaxial films as evidenced by clearer, smoother film surfaces, and much better structural and optical properties. We attribute the poorer quality of GaN film growth generally obtained using the ECR nitrogen plasma source to the large fraction of 2nd-positive series nitrogen molecules and nitrogen molecular ions which it produces. In addition, the GaN film growth rate was found to be somewhat larger when using the rf plasma source. This implies that the ''active'' nitrogen required for GaN film growth is most likely a mixture of 1st-positive series nitrogen molecules and nitrogen atoms. The presence of 2nd-positive series nitrogen molecules and nitrogen molecular ions in the output of the ECR source does not appear to contribute substantially to the growth rate of GaN. These species may also have a negative effect on GaN film quality.
5,12
The amount of active nitrogen, as defined above, can be increased by increasing the plasma power or increasing the pressure at which either source operates. [20] [21] [22] Powers of 20 to 300 W and pressures of 5ϫ10 Ϫ6 to 4ϫ10 Ϫ4 Torr were studied to determine the best plasma parameters for GaN film growth and their relationship to the emission spectra of the nitrogen plasma source employed. It was found that the intensity of the atomic nitrogen emission peaks increased more rapidly than the molecular peaks when the plasma source power was increased. This increase in power also led to an increase in the growth rate of the GaN. In addition, it was found that the use of smaller apertures, which restricted the output flux from either type of nitrogen plasma source, produced spectra that were richer in 1st-positive series molecular transitions and atomic nitrogen transitions. These results are in accord with earlier studies. [20] [21] [22] In the case of the ECR source, however, it was found that the use of small apertures substantially reduced the growth rate of GaN to less than 0.1 m/hr.
The best GaN films in this study were grown using the Oxford MPD21 rf plasma source operating at 200-300 W of rf power and pressures of ͑2-5͒ϫ10 Ϫ5 Torr. An optical emission spectrum for the rf nitrogen plasma source operating under these conditions is shown in Fig. 5 . It is noted that the emission spectrum is very rich in 1st-positive molecular nitrogen and atomic nitrogen transitions and contains no evidence of molecular nitrogen ions. The growth rate of highquality GaN films prepared under these conditions was typically between 0.25 and 0.30 m/hr. When similar parameters were used to generate a spectrum rich in 1st-positive molecular nitrogen and atomic nitrogen transitions for the ECR nitrogen plasma source, which required the use of an aperture smaller than 5 mm 2 , the GaN film growth rate was less than 0.1 m/hr and the film quality was poor. It has not escaped our attention that the operating parameters listed above are substantially different than the parameters reported by others for optimum growth of GaN using an ECR plasma source ͑plasma powers of 30-50 W maximum and pressures of ͑1-2͒ϫ 10 Ϫ4 Torr͒. It may be that under certain operating conditions an ECR nitrogen plasma source may be used to grow high-quality GaN. However, we have not been able to verify this. We find that the rf nitrogen plasma source, operating under the above conditions, consistently produces higher quality GaN at growth rates of 0.25 to 0.30 m/hr.
By increasing the Ga flux during MBE film growth, it is possible to grow GaN at rates as large as 0.8 m/hr. However, scanning electron microscope ͑SEM͒ studies showed that the MBE film growth consisted of columnar structures of GaN. These GaN films displayed poor optical and structural properties.
After cleaning, each GaN/SiC substrate was transferred into the main MBE growth chamber and preheated to 600-800°C to drive off any remaining surface impurities. After this preheat sequence, RHEED measurements of the substrate surface showed a strong streaky pattern with Kikuchi lines and additional lines due to a GaN surface reconstruction. The GaN substrate surface exhibited a two-fold recon- struction with the electron beam directed along the ͓1120͔ direction and a threefold reconstruction with the electron beam along the ͓1100͔ direction as shown in Figs. 6͑a͒ and 6͑b͒. We shall designate this to be a ͑2ϫ3͒ surface reconstruction. Upon initiation of GaN film growth by MBE, using substrate temperatures ranging from 600-800°C, this pattern changed to a ͑2ϫ2͒ surface reconstruction as shown in Figs. 6͑c͒ and 6͑d͒. The ͑2ϫ2͒ GaN surface reconstruction was maintained throughout the entire MBE film growth sequence. 23 During cool-down after completion of GaN film growth by MBE, the GaN surface exhibited a ͑3ϫ2͒ reconstruction as shown in Figs. 6͑e͒ and 6͑f͒ .
We speculate that the initial ͑2ϫ3͒ surface reconstruction for GaN may be related to a Ga-rich surface. This is because the ͑2ϫ3͒ surface reconstruction occurs while the GaN/SiC substrate is elevated to the preheat temperature ͑600-800°C͒ and before the introduction of plasma nitrogen for MBE growth of GaN. The ͑2ϫ2͒ surface reconstruction, which occurs immediately upon initiation of MBE growth of GaN, is presumably related to an equilibrium condition between the impinging nitrogen and gallium fluxes at the film growth surface. On several occasions, we have also observed a ͑2ϫ1͒ surface reconstruction during MBE growth of GaN. The ͑3ϫ2͒ surface reconstruction that is observed after completion of the MBE film growth process and during cooldown of the sample reflects changes in the surface stoichiometry which occur in the absence of impinging nitrogen and gallium fluxes. A ͑5ϫ5͒ GaN surface reconstruction has also been observed infrequently during this cool-down period. FIG. 6 . RHEED patterns observed at various stages in the MBE growth of GaN on GaN/SiC substrates. After preheat but before MBE film growth: ͑a͒ electron beam along ͓1120͔ direction, ͑b͒ electron beam along ͓1100͔ direction; during MBE film growth: ͑c͒ electron beam along ͓1120͔ direction, ͑d͒ electron beam along ͓1100͔ direction; during cool-down after MBE film growth: ͑e͒ electron beam along ͓1120͔ direction, ͑f͒ electron beam along ͓1100͔ direction.
A representative double-crystal x-ray rocking curve for a ϳ3 m thick MBE-grown GaN film is shown in Fig. 7 . Diffraction peaks from both the GaN film and the underlying 6H-SiC substrate are shown. It is seen that the GaN film exhibits a symmetric ͑0002͒ diffraction peak with a FWHM of 156 arcsec. To our knowledge, this is the best FWHM ever obtained for MBE-grown GaN. It should be noted that the ͑0002͒ GaN diffraction peak represents a superposition of diffractions from the 3 m thick MBE-grown layer and the underlying ϳ3 m thick MOCVD-grown GaN layer since diffraction from the SiC is also observed. However, the rocking curve principally reflects the quality of the MBE-grown layer ͑since this is the top layer͒ and provides confirmation that homoepitaxial growth of GaN by MBE is superior to direct growth by MBE on highly mismatched substrates such as sapphire or SiC. Indeed, we believe that the quality of the best MBE-grown GaN layers in the present study is limited by the quality of the underlying MOVPE-grown GaN layer onto which they are deposited. That is to say, our results provide direct evidence that, by using a homoepitaxial growth approach, it is possible to grow GaN by MBE which is comparable in structural quality to MOVPE-grown GaN.
Photoluminescence ͑PL͒ measurements of the MBEgrown GaN films provide additional proof of their quality. The PL spectra were obtained using an unfocused LICONIX model 3310 HeCd laser as an excitation source which produced ϳ5 mW of 325 nm radiation at the sample surface. Figure 8 shows representative PL spectra for an undoped MBE-grown GaN epilayer at 295, 77, and 4.2 K, respectively. The 300 K PL spectrum is dominated by band-edge emission at 3.409 eV. Note that this bandedge emission peak has a FWHM of only 29.7 meV-remarkably close to the theoretical thermally broadening limit at room temperature. There is also evidence in the PL spectrum at 300 K of deep level yellow-green emission near 2.2 eV. At 77 K, the deep level emission is no longer present and the band-edge emission peak has narrowed to 15.8 meV FWHM. This is much narrower than the 68 meV FWHM edge peak at 77 K reported for high-quality GaN grown by ECR MBE. 24 Even when an external magnet is employed to deflect unwanted nitrogen molecular ions emitted from the ECR source from reaching the substrate, the best PL edge emission at 77 K for GaN grown by ECR MBE exhibits a FWHM of 42 meV. 25 When cooled to 4.2 K, the PL band-edge feature of the GaN of the present study, due presumably to excitonic emission, splits into two sharp peaks having FWHMs of only 4 -5 meV. The splitting between these two peaks roughly matches the exciton splitting observed by Dingle et al. for hexagonalphase GaN. 26 The electrical properties of selected undoped MBE-grown GaN films were analyzed to determine the background carrier concentration. These measurements were performed at Cree Research using a standard capacitance-voltage technique. All of the MBE-grown GaN films were found to be n-type with background carrier concentrations ranging from 5ϫ10 17 cm Ϫ3 to as low as 2ϫ10 15 cm Ϫ3 at room temperature. Additional electrical measurements, including Hall effect studies, are under way and will be reported at a later date. 
IV. SUMMARY AND CONCLUSIONS
Two types of nitrogen plasma sources, an ECR plasma source and an rf plasma source, were investigated for the growth of GaN by MBE. GaN film quality was correlated with the optical emission characteristics of each plasma source. The best quality GaN films were those grown using the rf nitrogen plasma source. This source was found to emit light corresponding to a nitrogen plasma rich in 1st-positive molecular nitrogen (B 3 ⌸ g →A 3 ⌺ u ϩ transitions͒ and atomic nitrogen with a negligible fraction of nitrogen ions compared to the ECR plasma source when operated under the same conditions. The dissociation energy of N 2 molecules in the ground state is 9.9 eV. Excited N 2 molecules in the A 3 ⌺ u ϩ metastable state have a dissociation energy of 3.9 eV ͑Ref. 15͒ and a long lifetime ͑2ϫ10 6 s͒. 27 In the case of atomic nitrogen, collision processes are necessary to convert it into molecular nitrogen. At an MBE system pressure of 4ϫ10
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Torr, the mean free path of nitrogen atoms is greater than one meter 14 -which is large compared to the source-to-substrate distance in typical MBE systems. As a consequence, nitrogen atoms impinge directly onto the film growth surface during MBE growth and can bond directly with Ga to form the tetrahedrally bonded GaN. This suggests to us that the ''active'' nitrogen required for high-quality GaN film growth is most likely a mixture of 1st-positive molecular nitrogen in the A 3 ⌺ u ϩ metastable state and atomic nitrogen. By using a homoepitaxial growth approach, it was our intention to circumvent the problems associated with GaN film nucleation on highly lattice-mismatched substrates such as sapphire or SiC and to concentrate on the issues associated with the MBE growth process itself. The benefit of homoepitaxial growth of GaN, using MOVPE-grown GaN layers on basal plane 6H-SiC, was clearly shown in the present study by the observation of GaN surface reconstructions before, during, and after GaN film growth by MBE. In addition, the MBE-grown GaN films exhibited remarkably intense photoluminescence dominated by a sharp band-edge peak at 3.409 eV ͑FWHMϭ30 meV͒ at room temperature. At lower temperatures, splitting of the near-edge excition peaks was observed. Double-crystal x-ray rocking curve measurements of selected MBE-grown GaN films yielded ͑0002͒ diffraction peaks having FWHM as narrow as 156 arcsec. Thus, we conclude that MBE is an entirely viable techniquecomparable to MOVPE-for growing high-quality GaN.
By doubling the flux of active nitrogen from that used in the present MBE study through, for example, modifications in nitrogen plasma source design or by the use of multiple plasma sources, we may expect to double the growth rate of high-quality GaN and related III-V nitride materials to 0.5 to 0.6 m/hr. This is an entirely acceptable growth rate for a variety of nitride-based multilayered structures for electronic and optoelectronic applications.
